The physical "in silico" map covered more than 200 Mb of the cacao genome. Based on the mixed model predicted 36 means of Phytophthora evaluation, a total of 6 QTLs were detected for Phytophthora palmivora (1 QTL), 37 Phytophthora citrophthora (1 QTL), and Phytophthora capsici (4 QTLs). Approximately 1.77% to 3.29% of the 38 phenotypic variation could be explained by the mapped QTLs. Several SSR marker-flanking regions containing 39 mapped QTLs were located in proximity to disease regions. The greatest number of resistance genes was detected in 40 linkage group 6, which provides strong evidence for a QTL. This joint analysis involving multipoint and mixed-41 model approaches may provide a potentially promising technique for detecting genes resistant to black pod and 42 could be very useful for future studies in cacao breeding.
The cacao tree (Theobroma cacao L.) is a species of great importance because cacao beans are the raw material used 29 in the production of chocolate. However, the economic success of cacao is largely limited by important diseases 30 such as black pod, which is responsible for losses of up to 30-40% of the global cacao harvest. The discovery of 31 resistance genes could extensively reduce these losses. Therefore, the aims of this study were to construct an 32 integrated multipoint genetic map, align polymorphisms against the available cacao genome, and identify 33 quantitative trait loci (QTLs) associated with resistance to black pod disease in cacao. The genetic map had a total 34 length of 956.41 cM and included 186 simple sequence repeat (SSR) markers distributed among 10 linkage groups.
Introduction 46
Theobroma cacao L. (also known as cacao or chocolate tree) is a perennial tree of the understory that 47 belongs to the family Malvaceae. This tree is endemic to South American rainforests, which constitute a central 48 region for the genetic diversity of these crops (Schultes and Cuatrecasas, 1964 50 Motamayor et al., 2013) . Cacao beans are the raw material used in the manufacturing of chocolate and cacao butter, 51 because this, crops have become an economically important commodity for more than 50 tropical countries, 52 generating approximately 12 billion dollars in revenue yearly (ICCO, 2014).
53
Black pod (also known as Phytophthora pod rot, PPR) causes serious economic problems in all cacao- 
62
The symptoms and disease progression of black pod depend on the cacao genotype and the Phytophthora 63 spp. involved; furthermore, they are influenced by climatic factors such as temperature, humidity and rainfall 64 (Oliveira and Luz, 2005) . Cacao pods are susceptible to fungal infection at all stages of development, and in the 65 advanced stages of Phytophthora spp. infection, the beans become unsuitable for industrial use. Several measures 66 have been used to control black pod disease, including appropriate cultural practices, fungicide application and the 67 use of biological agents (Trichoderma spp.). However, these practices have substantial disadvantages, including 68 increases in production costs, environmental pollution and ineffectiveness for field control (Nyassé et al., 2003) .
69
Thus, genetic resistance is of great importance as a more effective, economical and sustainable alternative for black 70 pod control, and molecular markers have emerged as important tools in the search for more effective solutions for 71 genetic control (Michelmore, 2003 
132
The boxes were distributed throughout a small laboratory area under controlled conditions, and the leaf discs were 133 not exposed to any light source. Symptoms were observed 7 days after inoculation using the 6-point scale of 
137
Since the study by Nyassé et al. (1995) was published, the leaf-disc test applied in this study has been 138 widely used to screen for resistance to black pod disease in cacao trees in studies conducted by Barreto et al. (2015) 139 and Bahia et al. (2015) . This analysis provides a rapid and early assessment of resistance levels, furthermore, a 140 positive correlation between the data obtained by this method and the data obtained by field analyses has been 141 observed, as well as anatomical similarities between the abaxial leaf side and the cacao pod epidermis ( 147
where y ijkl corresponds to the level of black pod infection; µ is the general average; t i is the fixed effect of the 149 inoculation series (trial) i; b j(i) is the fixed effect of box j nested within trial i; g k is the random effect associated with 150 genotype k; d l(ijk) is the random effect associated with disc l nested within genotype k, box j and trial i; and ijk is the 
153
Different structures of variances and covariances were investigated for the genetic and residual matrices of 154 the described mixed model. Briefly, we assessed models that could account for the heterogeneity of variances or the 155 presence of covariances (correlations) between observations. We used the restricted maximum likelihood (REML) 156 method (Patterson and Thompson, 1971) 
253
The multipoint genetic linkage map containing 186 SSRs is shown in Figure 1 . Ten LGs were obtained 254 from pairwise recombination fractions between the markers, which were considered linked when the estimated 255 fractions were equal to or lower than 0.30 and when their LOD scores were equal to or higher than 4.93. We believe 256 that the multipoint approach based on HMM provided accurate positioning of the markers and reliable distances 257 from multipoint (upgraded) recombination fractions based on all of the available molecular information across each 6 217 SSRs were positioned to cover more than 200 Mb (202.74 Mb) of the cacao genome ( 
275
Of the 13 deviated markers from the F1 segregation patterns, 11 markers (84.62%) were allocated to the 276 physical map. Moreover, this map positioned 38 SSRs that were not associated with any LGs of the multipoint 277 genetic map ( Figure 2 ). However, the multipoint genetic map of the present study accounted for 9 SSRs that were 278 not aligned to any chromosomes of the physical map (Figure 1 ), demonstrating that both strategies were important 279 for genome characterization. The distribution of the number of markers across the LGs and Chrs was similar 280 between the linkage and physical maps ( 289 A).
290
For both P. palmivora and P. capsici, the models that better explained the genetic variation were compound 291 symmetry heterogeneous (CS Het ) for the trials and factor analytic of order 1 (FA) for the boxes within each trial. For 292 P. citrophthora, the diagonal (DIAG) model was better adjusted for both trials and boxes within the trial. These 293 results show that genetic variances between the trials and among the boxes within each trial were heterogeneous for 294 the three Phytophthora species. However, genetic covariances and correlations were only detected for P. palmivora 295 and P. capsici species, with an equal estimated correlation between the trials and different correlations among the 296 boxes within each trial, varying according to the pairwise combination involving the boxes ( Supplementary Table   297 2).
298
The residual effects were also tested for complex models (results not shown). Convergence was not reached 299 for these complex models based on the three Phytophthora species, which indicated that most of the variability 300 likely reflected random genetic effects or that the adjustment of all the variance and covariance structures was too 301 complex to reach convergence. The Wald test for fixed effects showed that only the boxes were significant (p-value 302 < 0.001) for the three Phytophthora species (results not shown).
303
Comparative analyses between the black pod reactions of the inoculated parental clones (TSH 1188 and 304 CCN 51) and cultivars (SCA 6 and Catongo) used as references revealed the efficiency of these cultivars as 305 resistance and susceptibility standards, respectively (Supplementary Table 3 ). The parental clone CCN 51 showed 306 high resistance to P. palmivora and moderate resistance to both P. citrophthora and P. capsici, whereas TSH 1188 307 showed susceptibility to all species, when compared to the SCA 6 clone. The predicted mean of the F1 population 308 was consistently higher than that of CCN 51 and SCA 6 and lower than that of TSH 1188 and Catongo. Phenotypic Supplementary Table A ).
313
High and statistically significant Pearson correlation estimates were observed between P. palmivora and P.
314
citrophthora ‫ݎ(‬ = 0.730; p-value = 0.000) and between P. citrophthora and P. capsici ‫ݎ(‬ = 0.630; p-value = 0.000),
315
whereas a low and statistically significant Pearson correlation estimate was observed between P. palmivora and P. (Figure 3) . A total of 6 QTLs were detected: 1 QTL for BP-Pp (LG 6), 1 QTL for BP-Pct 324 ( LG 6) and 4 QTLs for BP-Pc (LG 1, LG 2, LG 3 and LG 4) ( Figure 3 , Table 2 , Supplementary Fig.2 ). Common 7 QTLs were not detected among the three Phytophthora species, although the Pearson correlation estimates were 326 high and statistically significant between BP-Pp and BP-Pct and between BP-Pct and BP-Pc.
327
The proportion of phenotypic variation (R 2 ) explained by the QTLs ranged from 1.77% to 3.29% (Table 2) .
328
The segregation patterns of the QTLs were 1:2:1 or 1:1. Of the 6 mapped QTLs, 5 QTLs (83.33%) had a significant 329 additive effect for the parental clone TSH 1188 (i.e., with a LOD score higher than 0.834, that is the threshold with 1 330 degree of freedom and 5% error probability), 1 QTL (16.66%) had a significant additive effect for the parental clone 331 CCN 51, and 2 QTLs (33.33%) had a significant dominance effect from the interaction between both parents. Three 332 QTLs (50.00%) had only an additive effect for the parental clone TSH 1188, whereas the other three QTLs showed 333 at least two different effects that explained the phenotypic variation. QTLs with a significant additive effect were not 334 exclusively observed for the parental clone CCN 51 (Table 2 ).
335
The QTL identified for P. palmivora (q1.BP-Pp) was located on LG 6 (73.00 cM) and explained 2.543% of 336 the phenotypic variation (Table 2) . This QTL showed a significant additive effect for the parental clone TSH 1188 337 and had a segregation ratio of 1:1. The QTL identified for P. citrophthora (q1.BP-Pct) was also located on LG 6 338 (0.00 cM) at position mTcCIR006 and explained 3.299% of the phenotypic variation. This QTL showed a 339 significant dominance effect from the interaction between both parents and had a segregation ratio of 1:1. 
348
The highest LOD score peaks of the mapped QTLs were observed for BP-Pc (Table 2) 
354

Co-localization of Disease Resistance-Related Genes and QTL Regions
355
We further investigated the genes located close to the QTL regions associated with the three Phytophthora square tests and Bonferroni correction. However, these markers were not discarded for the construction of the 369 genetic map because these distortions were not strong enough to cause potential problems. In the final genetic 370 linkage map, three of these markers (mTcCIR035, mTcCIR099, and mTcCIR191) were positioned in three different
371
LGs and helped to obtain a more precise representation of the cacao genome. In previously published genetic maps, 
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One possible explanation for the gaps is that either the recombination events or the mapped loci were not evenly 384 distributed for certain LGs (Souza et al., 2013) . These low-density markers might correspond to either highly 385 homozygous regions that have a lower recombination frequency or centromeric regions.
386
The variation observed among cacao genetic linkage maps could partially reflect the use of different 387 parental clones, progenies (F1, F2 or backcross), types and amounts of molecular markers, and algorithms to order 388 and position the markers. We propose that the latter is crucial for obtaining more precise genetic linkage maps that 389 may provide increased correspondence with the cacao genome. Our multipoint genetic map constructed from a cross 390 between TSH 1188 and CCN 51 clones will be important for further studies on cacao breeding. These clones have 391 contrasting agronomic traits associated with productivity and resistance to disease that are important traits for cacao 392 breeding (with the SCA 6 clone serving as a standard resistance source).
394
Physical "In Silico" Map
395
The physical "in silico" map constructed here provides a rational guideline for cacao-breeding programs for 396 the characterization of selected clones and germplasm collections using mapped SSRs, thus providing information 397 for recurrent genome alignment studies, which can be difficult to obtain in certain scenarios. The high 398 correspondence between linkage and physical maps ( Supplementary Fig.3 ) clearly shows the power of the 399 multipoint approach to construct genetic maps. In the present study, the physical map accounted for SSRs that were 400 not present in any LGs of the genetic map, thus generating important additional information about the genome.
401
However, the multipoint genetic map also accounted for SSRs that did not align to any chromosomes of the physical 
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The predicted mean of the F1 population was closer to the average of more resistant parental clones (i.e.,
423
CCN 51 clone) for both P. citrophthora and P. capsici. The high estimates of heritability for the three Phytophthora 424 species demonstrated that black pod disease in cacao may be controlled by a few genes and may be minimally 425 influenced by the environment, suggesting a high magnitude for the correlation between phenotypic and genotypic 426 values. Furthermore, the coefficients of variation for the three Phytophthora species were suitable, considering that 427 the trials were performed under controlled conditions in a small laboratory area. Thus, the black pod trials were 428 adequately conducted and were experimentally appropriate. (2006) in that the present study considers different LOD score peaks to construct the statistical 9 distribution and declare the level of significance; we believe that the use of this more relaxed significance criterion 438 showed more acceptable results for detecting QTLs associated with black pod disease.
439
All of the QTLs detected here were mapped to different regions of the cacao genome. Thus, common QTLs 440 were not observed among the three Phytophthora species, and these findings implicate important research directions 441 that should be pursued. First, QTLs were observed in 5 (LG 1, LG 2, LG 3, LG 4 and LG 6) out of the 10 LGs 442 constituting the cacao genome, showing that 50% of the genome included resistance-related genes to black pod.
443
Second, the absence of common QTLs detected for the Phytophthora species suggested that their mechanisms of 444 resistance could also be specific. This result is interesting because different mechanisms that utilize different 445 resistance proteins and metabolic pathways could be specifically investigated and described. Moreover, this 446 information could be useful for specific marker-assisted selection programs and cacao genetic-breeding programs, 447 depending on the interest and purpose of the study.
448
The proportion of phenotypic variation (R 2 ) explained by the QTLs detected here ranged from 1.77% to 449 3.29% ( Table 2 ). The QTL mapping of the present study was performed based on predicted means obtained from the 450 mixed-model approach. Because the genetic effects were declared to be random in the mixed models, the predicted 451 means were corrected by a shrinkage factor, which provides genetic effects that should be very close to the real 452 values. Thus, we believe that the proportion of R 2 explained by the QTLs in the present study was very reliable. The number of genes involved in resistance to Phytophthora diseases is comparable to that observed in 487 other species. Furthermore, the common regions of certain QTLs across different genetic groups confirm the 488 existence of and potential use of these genes for marker-assisted selection programs. The identification of multiple 489 QTLs involved in resistance to Phytophthora may be particularly useful when transferring different QTLs into an 490 elite clone using a marker-assisted selection scheme. However, it would be interesting to evaluate interaction of 491 these genes with other agronomic traits of interest to determine the relationship between resistance phenotypes in the 492 field and yield components. We propose that a detailed functional genomics study should be performed to confirm 10 the roles of these QTLs associated with resistance to black pod disease. The multipoint genetic linkage and physical 494 maps constructed in the present study will be useful for these further analyses. 
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The LOD score-based thresholds obtained from 1,000 permutation tests are plotted and are based on the method of 703 LG10
